In the present study, we evaluated an alternative testing strategy to quantitatively predict the in vivo developmental toxicity of the synthetic hormone diethylstilbestrol (DES). To this end, a physiologically based kinetic (PBK) model was defined that was subsequently used to translate concentration-response data for the in vitro developmental toxicity of DES, obtained in the ES-D3 cell differentiation assay, into predicted in vivo dose-response data for developmental toxicity. The previous studies showed that the PBK model-facilitated reverse dosimetry approach is a useful approach to quantitatively predict the developmental toxicity of several developmental toxins. The results obtained in the present study show that the PBK model adequately predicted DES blood concentrations in rats. Further studies revealed that DES tested positive in the ES-D3 differentiation assay and that DES-induced inhibition of the ES-D3 cell differentiation could be counteracted by the estrogen receptor alpha (ERα) antagonist fulvestrant, indicating that the in vitro ES-D3 cell differentiation assay was able to mimic the role of ERα reported in the mode of action underlying the developmental toxicity of DES in vivo. In spite of this, combining these in vitro data with the PBK model did not adequately predict the in vivo developmental toxicity of DES in a quantitative way. It is concluded that although the EST qualifies DES as a developmental toxin and detects the role of ERα in this process, the ES-D3 cell differentiation assay of the EST apparently does not adequately capture the processes underlying DES-induced developmental toxicity in vivo.
Introduction
The development of reliable non-animal based testing strategies is of main interests in current human safety testing of chemicals. Especially, the development of in vitro testing strategies in which adverse effects of chemicals on cells in culture can be detected is considered promising. However, data derived from in vitro models are as such inadequate for risk assessment, since risk assessment requires in vivo dose-response data from which points of departure (PODs) can be derived for defining safe exposure levels, whereas in vitro models provide information on concentration-response relationships. Therefore, to use in vitro data for risk assessment, in vitro concentration-response curves need to be translated to in vivo dose-response curves. This translation can be achieved through so-called physiologically based kinetic (PBK) modelling-facilitated reverse dosimetry approach. A PBK model is a set of mathematical 1 3 equations that together describe the absorption, distribution, metabolism, and excretion (ADME) characteristics of a compound within an organism and can be used to relate external doses to internal (e.g., blood or tissue) concentrations. In the reverse dosimetry approach, the concentrations causing toxicity in the in vitro model are considered equal to the blood or tissue concentrations that would cause toxicity in the in vivo situation. As such, PBK models can be used to predict in vivo toxicity dose levels based on toxic effect concentrations obtained in in vitro assays to derive a point of departure (POD) for risk assessment, such as a benchmark dose (BMD) or a lower confidence limit of the BMD, the BMDL (Louisse et al. 2010 Strikwold et al. 2013 ).
Previously, we have shown that reverse dosimetry of in vitro developmental toxicity data obtained in the ES-D3 differentiation assay of the embryonic stem cell test (EST) can result in an adequate quantitative prediction of in vivo dose-dependent developmental toxicity for a wide range of compounds including glycol ethers, retinoic acid, a series of phenols, and tebuconazole (Li et al. 2017; Louisse et al. 2010 Louisse et al. , 2015 Strikwold et al. 2017) .
To further explore the potential applicability of the reverse dosimetry approach, examples with more chemicals with diverse physico-chemical properties and modes of action are needed. The present study assesses whether the developmental toxicity of the xeno-estrogen diethylstilbestrol (DES) can be predicted using PBK modelling-based reverse dosimetry approach.
DES is a synthetic estrogen that was first produced for hormonal therapy in 1938 (IARC 2012) . DES was prescribed to pregnant women to prevent potential miscarriages and premature delivery, by acting as an estrogen analogue (IARC 2012) . However, DES use during pregnancy showed no preventive effect against miscarriages and it even caused adverse health effects in these women, such as breast cancer, and in their children and grandchildren, such as cell adenocarcinoma of the cervix and vagina in daughters and cancer of the testis in sons (Giusti et al. 1995; IARC 2012) . Moreover, animal studies showed that DES caused developmental toxicity, including embryonic death and resorptions (Cornwall et al. 1984; Nagao and Yoshimura 2009; Wardell et al. 1982) . Considering the underlying mode of action for adverse effects of DES, it has been reported that the estrogen receptor alpha (ERα) is needed to induce adverse developmental effects in neonates including induction of malformations and phenotypic changes in the neonatal reproductive tracts of female and male mice Couse and Korach 2004; Prins et al. 2001) . This was concluded from experiments in ERα knock-out mice, in which exposure to DES no longer induced alteration of the expression of Hoxa10, Hoxa11, and Wnt7 genes, or alteration in the weight of the seminal vesicle in the male and in the phenotype of the reproductive tract of the female, providing clear evidence for a role for ERα in mediating the adverse effects of neonatal DES exposure in the reproductive tract.
The aim of the present study was to assess whether the in vivo dose-dependent developmental toxicity caused by DES can be estimated using a combination of an in vitro assay for developmental toxicity and PBK modelling-based reverse dosimetry. In addition, it was investigated whether the role of ERα observed in vivo could also be demonstrated for the in vitro developmental toxicity of DES. To this end, in vitro concentration-response data for DES were quantified in the ES-D3 cell differentiation assay of the EST and a PBK model for DES in the rat was developed. In a next step, the PBK model was used to translate the in vitro EST data to predicted in vivo dose-response data for developmental toxicity of DES that were subsequently compared with the available literature data from in vivo studies reporting developmental toxicity of DES. Finally, DES was tested in the ES-D3 cell differentiation assay in the presence of the ERα antagonist fulvestrant, to investigate whether with respect to the reported role of ERα in DES-induced disturbance of development; the in vitro model mimics the in vivo situation.
Materials and methods

Materials
Dimethyl sulfoxide (DMSO) was purchased from Acros Organics (Geel, Belgium). DES, reduced nicotinamide adenine dinucleotide phosphate (NADPH), uridine 5′-diphosphoglucuronic acid (UDPGA), adenosine 3′-phosphate 5′-phosphosulfate (PAPS) lithium salt hydrate, acetyl coenzyme A (acetyl CoA) sodium salt, alamethicin, magnesium chloride, sodium phosphate, sodium chloride, and rat serum were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Pooled male and female Sprague-Dawley rat liver S9 fractions were purchased from Tebu-bio (Heerhugowaard, the Netherlands). Rapid equilibrium dialysis (RED) devices were purchased from Thermo Fisher Scientific (Bleiswijk, The Netherlands). Phosphate-buffered saline (PBS) was purchased from Invitrogen (Breda, The Netherlands).
Cell line and culture conditions
The murine mouse embryonic stem (ES-D3) cell line was purchased from ATCC/LGC (Wesel, Germany). The cells were maintained in low osmo Dulbecco's modified Eagle's medium (low osmo DMEM, GE Healthcare life sciences, Logan, Utah, USA) in 75 cm 2 polystyrene cell culture flasks (Corning, The Netherlands), supplemented with 15% heat-inactivated ES cell qualified fetal calf serum (ATCC/ LGC, Wesel, Germany), 50 U/ml penicillin with 50 μg/ml 1 3 streptomycin (Invitrogen, Breda, The Netherlands), and 2 mM l-glutamine (Invitrogen), at 37 °C and 5% CO 2 in a humidified atmosphere. Cells were kept undifferentiated with 1000 U/ml murine leukemia inhibiting factor (LIF, Sigma-Aldrich, Steinheim, Germany) and sub-cultured every 2-3 days using non-enzymatic cell dissociation solution (Sigma-Aldrich) to detach the cells.
Cytotoxicity assay with ES-D3 cells
Cytotoxicity of DES was determined using the WST-1 assay. This assay measures the formation of the water-soluble formazan product from WST-1 by mitochondrial succinatetetrazolium reductase enzymes in non-exposed cells (control) and cells exposed to the test compound. ES-D3 cells were exposed to DES (Sigma-Aldrich) for the duration of 3 and 5 days. Briefly, cells were seeded in 96-well plates (Greiner bio-one, Alphen aan den Rijn, The Netherlands) at a concentration of 1 × 10 4 cells/ml in 100 μl culture medium in the absence of LIF and incubated for 1 day to allow cell adherence. Then, the cells were exposed to DES or fulvestrant at concentrations up to 100 μM in triplicate (final solvent concentration 0.2% DMSO) and subsequently cultured for 3 or 5 days at 37 °C and 5% CO 2 in a humidified atmosphere. The solvent DMSO (0.2%) was used as a negative control and 5 µM 5-fluorouracil served as a positive control in all cytotoxicity assays. After exposure for 3 or 5 days, 20 μl WST-1 reagents (Roche, Woerden, The Netherlands) were added to each well and plates were incubated for an additional 3 h. Then, absorbance was measured at 450 nm using a SpectraMax M2 (Molecular Devices, Sunnyvale, USA). Three independent experiments were performed. The cell viability was expressed as percentage of the solvent control, with the solvent control set at 100%. Cytotoxicity data were analysed for significant effects compared to the solvent control using one-way analysis of variance (ANOVA) in GraphPad Prism 5.04 software.
Differentiation assay with ES-D3 cells
Differentiation assay was performed to detect the effect of DES on the differentiation of ES-D3 cells into contracting cardiomyocytes. On day 1, droplets of 20 μl cell suspension (3.75 × 10 4 cells/ml) were placed as hanging drops, containing the test compound (DES) at concentrations ranging from 0.3 to 100 μM (final solvent concentration as 0.2% DMSO), on the inner side of the lid of a 96-well plate. Sterile lids of Eppendorf tubes were placed on the corner wells of the plates to prevent contact of the drops with the plate. The wells of the 96-well plate were filled with 200 μl phosphatebuffered saline (PBS, Invitrogen), and the plate was sealed with microspore tape (3 M, Neuss, Germany) to prevent evaporation of the hanging drops. Plates were incubated for 3 days at 37 °C and 5% CO 2 in a humidified atmosphere. In the drops, cells formed embryonic bodies (EBs), which were transferred to non-tissue culture-treated Petri dishes (diameter 6 cm, Greiner) containing 5 ml of medium with the test compound at the relevant test concentration. On day 5, the EBs were transferred to wells of a 24-well plate (one EB per well) containing 1 ml of medium with test compound. On day 10, the number of wells containing contracting cardiomyocytes was determined by visual inspection using a light microscope. A solvent control (0.2% DMSO in culture medium) was included in each experiment. Tests were accepted for further analysis if at least 21 of the 24 wells of the solvent control contained contracting cardiomyocytes. Three independent experiments were performed. The results were expressed as percentage of the solvent control, with the solvent control set at 100%.
To assess whether effects on ES-D3 cell differentiation were mediated via the ERα, also studies were performed in which the effects of DES on the differentiation of ES-D3 cells into contracting cardiomyocytes were assessed in the presence of the ERα antagonist fulvestrant. To that end, first, a concentration of fulvestrant was determined that did not affect ES-D3 cell differentiation by itself, which was then applied in the co-exposure studies. Final solvent concentrations in these studies were also 0.2% DMSO.
Development of a PBK model of DES in rats
The previously developed PBK model of E2 and BPA (Zhang et al. 2018 ) was used as the starting point to develop the PBK model that describes the kinetics of DES in rats. The schematic representation of the model is shown in Fig. 1 . The PBK model includes individual compartments for blood, fat, intestine, liver, rapidly perfused tissue, and (Brown et al. 1997) and are presented in Table 1 . To describe the intestinal transition of DES, the intestine compartment was divided into seven sub-compartments. The transition in the small intestine was assumed to be the same for all the sub-compartments. The apparent permeability coefficient (P app value) was used to derive the absorption rate constant (ka) for uptake of the parent compound from the intestines into the liver. This input P app value was estimated based on the quantitative structure-activity relationship (QSAR) approach of Hou et al. (Hou et al. 2004 ). The chemicaldependent input parameter of this approach was the polar surface area (PSA), which is 40.46 for DES. The in vitro Log P app value can be estimated using the formula: Log (P app, in vitro ) = − 4.28-0.011 × PSA. This value was used to calculate the in vivo P app value using the following equation: Log P app, in vivo = 0.6836 × Log P app, in vitro − 0.5579 (Sun et al. 2002) . Then, the absorption rate constant (ka, L/h) was estimated using the in vivo P app value (expressed in dm/h) times the respected intestine surface area (SA, in dm 2 ) of each sub-compartment (Zhang et al. 2018) .
The tissue/blood partition coefficients of DES were estimated based on the quantitative property-property relationship (QPPR) approach of DeJongh et al. (DeJongh et al. 1997) . The input parameter of this approach was the octanol-water partition coefficient (P ow ), the Log P ow of DES is 5.07 (Selassie et al. 1999) . The estimated partition coefficients are presented in Table 1 .
The assumption was made that the estrogenic effects of DES are caused by the parent compound, not by the metabolites (Korach et al. 1989) , and the clearance was resulted from hepatic clearance only, not by the renal clearance. The hepatic metabolism of the parent compound was determined in rat liver S9 fractions (Zhang et al. 2018) , as described below. The PBK model code was described in Supplementary material 1. The PBK model equations were coded and numerically integrated in Berkeley Madonna 8.0.1 (UC Berkeley, CA, USA), using the Rosenbrock's algorithm for stiff systems.
Determination of the model parameter value for hepatic clearance
The in vitro intrinsic clearance (CL int ) was determined using a substrate depletion approach, and these data were scaled to in vivo to describe the hepatic clearance of the parent compound in the PBK model. The CL int of DES was determined in incubations with male or female Sprague-Dawley rat liver S9 fractions in the presence of relevant co-factors (NADPH, UDPGA, PAPS, and acetyl CoA) for phase I and II metabolism. Our previous study has shown that the CL int value obtained from incubations with S9 and all co-factors together in one mixture is similar to the sum of CL int values derived from incubations for individual reactions (with individual co-factors) (Zhang et al. 2018) . Therefore, in the current study, we determined CL int of DES by incubating the substance with all co-factors together in one mixture, in the presence of liver S9 fraction from male or female Sprague-Dawley rats. Incubations with female rats were performed to obtain kinetic parameters for the PBK model when used to predict developmental toxicity. However, since the in vivo kinetic data on DES that were used for evaluation of the PBK model were obtained in male rats, also the kinetic parameters for clearance in male rats were determined. One requirement of the substrate depletion approach is that the initial concentration of the parent compound should be below the Michaelis-Menten constant (Km) for the respective conversions. In the current study, the test concentration of DES was 3 μM, which is 25.6-fold below the lowest Km value reported for the metabolism of DES by liver microsomes of rats (Roy et al. 1992) . To determine the hepatic clearance, 3 μM DES (final concentration) was incubated with 0.5 mg/ml liver S9, 3 mM NADPH, 5 mM UDPGA, 0.2 mM PAPS, 0.5 mM acetyl CoA, 5 mM MgCl 2 , and 0.025 mg/ml alamethicin in 0.1 M potassium phosphate buffer (pH 7.4). The total incubation volume was 200 μL. The incubation time points were 0, 1, 2, 3, 4, 5, 7, 8.5, 10, 15, 20, 25, 30 , and 45 min. To terminate the reaction, 100 µL cold acetonitrile (ACN) were added to the mixture and the Eppendorf tubes were put on ice for 30 min. Subsequently, tubes were centrifuged at 15,000 rpm for 10 min (CT 15RE, Hitachi Koki Co., Ltd) and the supernatant was collected for UPLC analysis. For each incubation time point, a corresponding control incubated in the absence of co-factors was included. For all incubations, three independent replicates were performed. The ratio of remaining DES between incubation samples (C compound ) and the corresponding control (incubation without co-factors, C control ) was calculated for all the incubation time points. The elimination curve of the parent compound [ln(C compound /C control )] against incubation time was derived. The elimination rate constant (k, min −1 ), which is the absolute value of the slope of the linear part of the elimination curve, was used to calculate the in vitro clearance (CL int, in vitro ) using the following equation: CL int, in vitro (µL/ min/mg protein) = incubation volume (µL)/protein amount in the mixture (mg) × elimination rate constant (k, min −1 ) (Obach 1999; Sjogren et al. 2009 ). The in vitro CL int value of the parent compound was then scaled to the whole liver, assuming the S9 protein concentration in rat liver to be 87 g protein/kg liver (Chiu and Ginsberg 2011) .
Ultra-performance liquid chromatography (UPLC) analysis
A UPLC H_Class system (Waters Acquity) equipped with a Waters BEH C18 (1.7 µm, 2.1 × 50 mm) column was used. The temperature was set at 40 °C for the column and 5 °C for the samples. The injection volume was 3.5 µL and the flow rate was 0.45 ml/min. The mobile phase consisted of nanopure water as solvent A and ACN as solvent B. The gradient started at 65% solvent A, changed to 50% solvent A in the next 2 min, decreased to 0% solvent A in 1 min, and was kept at these conditions for another 2 min. Then, the gradient was changed to the initial conditions in 2 min and kept at these conditions for 1 min. The total running time was 8 min. The quantification of DES in each incubation was achieved by integrating the peak area at 245 nm and comparison to the peak areas of a calibration curve made using the commercially available reference compound.
PBK model evaluation
To evaluate the performance of the PBK model developed, the predicted time-dependent blood concentrations of DES were compared to the time-dependent blood concentrations of DES in rats reported in the literature upon intravenous and oral exposure (Ako 2011; Thompson and Klaassen 1985) .
A sensitivity analysis was performed to locate the influential parameters of the PBK model on the model prediction of the maximum blood concentration (C max ) of DES.
As described in a previous study (Evans and Andersen 2000) , normalized sensitivity coefficients (SC) were calculated according to the following equation: SC = (C′−C)/ (P′-P) × (P/C), with C and C′ representing the initial and modified values of the model output, and P and P′ the initial and modified parameter values. A 5% increase of parameter value was chosen to assess the effect of a change in parameter on the prediction of C max . Each parameter was individually analysed by changing one parameter value at a time and keeping the others the same. In addition, the total tissue fraction and blood flow fraction should be kept as 1. The sensitivity analysis was conducted for oral exposure to a single dose of 4 mg/kg bw DES, which was the dose applied in the in vivo kinetic study of Ako (2011) .
Translation of in vitro concentration-response data into predicted in vivo dose-response data using PBK modelling-based reverse dosimetry
The PBK modelling-based reverse dosimetry approach was used to quantitatively predict the dose levels that are required to reach concentrations of DES in blood that were applied in the in vitro differentiation assay. It is assumed that the toxicity is induced by the fraction unbound (f ub ) of the parent compound. To take differences in the unbound fraction in the in vitro incubation medium and in vivo blood into account, the f ub values of DES in vitro and in vivo were determined by rapid equilibrium dialysis (RED).
Determination of fraction unbound of DES in rat serum and in in vitro medium
Rapid equilibrium dialysis (RED) was performed to determine the f ub of DES in the in vitro assay medium of the cell differentiation assay and in rat serum by following the protocol described by Waters et al. (Waters et al. 2008) . The assay medium of the ES-D3 cell differentiation assay contained 15% FCS. 300 μL sample containing 5 μM of DES (final concentration) in the in vitro assay medium or in rat serum was added to the plasma chamber and 500 μL PBS was added to the buffer chamber. After a 5-h incubation at 37 °C at 250 rpm on an orbital shaker, the system reaches equilibrium (van Liempd et al. 2011) . Then, 25 μL of postdialysis samples were collected from the plasma chamber and the buffer chamber in different tubes. According to the manufactural protocol, 25 μL of buffer (PBS) were added to the samples from the plasma chamber and the same volume of assay medium or rat serum was added to the samples taken from the buffer chamber. This was done to equalize the samples with respect to the protein concentration for analysis. To precipitate the protein and release the compound, 300 μL cold ACN/nanopure water (90/10) was added to all the samples. The samples were put on ice for 30 min and subsequently centrifuged for 15 min at 15,000×g (CT 15RE, Hitachi Koki Co., Ltd). The supernatants were collected for UPLC analysis to quantify the concentration of DES in each chamber. The fraction unbound (f ub ) can be calculated based on the equation: f ub = (concentration in buffer chamber/concentration in plasma chamber) (Waters et al. 2008) . All the measurements were performed in triplicate in three independent studies.
PBK modelling-based reverse dosimetry
The in vivo dose-dependent developmental toxicity was assumed to depend on the maximum blood concentration (C max ) of DES. The in vitro effect concentrations were corrected for differences in protein binding with the in vivo situation, using the results of the analysis of f ub described above. For reverse dosimetry, the in vitro unbound concentration (C ub, in vitro ) was set equal to the in vivo unbound (C ub, in vivo ), which is reflected by the following equations: C ub, in vivo = C ub, in vitro , so C total in vivo × f ub in vivo = C total in vitro × f ub in vitro , where f ub, in vivo and f ub, in vitro are the fraction unbound in rat serum and in the in vitro assay medium determined from the RED assay. Then, the nominal blood concentration in rat can be described as: C total in vivo = C ub, in viv o / f ub, in vi vo = C ub , i n v itr o /f ub, i n v ivo = (C to tal,in vitro × f u b, in vitro )/f ub, in vivo . C tot al in vivo was subsequentl y u sed as C max t o calculate the corresponding in vivo dose level using the PBK model. Performing this exercise for all the in vitro test concentrations, the in vitro concentration-response curve was translated into predicted in vivo dose-response curve.
Evaluation of the quantitative prediction of dose-dependent developmental toxicity of DES
To evaluate the quantitative prediction of the developmental toxicity of DES using the developed PBK modelling-based reverse dosimetry approach, the predicted dose-response data derived from the in vitro differentiation assay were compared with the dose-response data derived from in vivo development toxicity studies (Cornwall et al. 1984; Wardell et al. 1982) .
Furthermore, the benchmark dose (BMD) values derived from the predicted dose-response data were compared with the BMD values obtained from in vivo toxicity data. The BMD analysis was performed using the exponential model for dichotomous data of PROAST software from The National Institute for Public Health and the Environment of the Netherlands (RIVM) version 38.9 (Slob 2018) . The benchmark response (BMR) was defined as a 10% change compared to the control. The lower (BMDL) and upper (BMDU) limits of the 95% confidence interval on the BMD 10 can be derived from the software only when the data can be adequately modelled. The BMD analyses were performed on the predicted dose-response data obtained from the in vitro differentiation assay and the in vivo developmental toxicity data reported in the literature. In vitro EST data were analysed using the same BMD approach, fitting the concentration-response curve to determine the concentration associated with a BMR of 50%. A 50% change in the number of beating EBs was selected as the BMR to calculate the benchmark concentrations for the differentiation (BMC 50 ).
Results
Cytotoxicity and inhibition of ES-D3 cell differentiation by DES
To study the in vitro developmental toxicity of DES, the effect of the compound on the differentiation of ES-D3 cells into contracting cardiomyocytes was evaluated. First, the WST-1 assay upon both 3-day and 5-day exposure was performed to evaluate the cytotoxic effects of DES on the ES-D3 cells (Fig. 2 ). The DES concentrations tested were non-cytotoxic up to 3 µM as determined in the 3-day and 5-day cytotoxicity assay. Starting from 10 µM, the cell viability started to decrease.
Regarding the differentiation effect, DES induced a concentration-dependent inhibition of the differentiation of the ES-D3 cells into contracting cardiomyocytes (Fig. 3) at concentrations that were not yet cytotoxic, indicating that inhibitory effects on the differentiation of EBs are not due to cytotoxicity of DES. 
Effect of the ERα antagonist fulvestrant on DES-induced inhibition of ES-D3 cell differentiation
Cytotoxicity and ES-D3 differentiation assays were performed to evaluate the toxicity and the inhibition of ES-D3 differentiation by the ERα antagonist fulvestrant. The results indicate that fulvestrant is not cytotoxic up to 100 µM (Fig. 3a) . Fulvestrant also caused a concentration-dependent inhibition of ES-D3 cell differentiation into contracting cardiomyocytes (Fig. 3a) . Based on these results, a concentration of 150 nM fulvestrant was selected to investigate the effect of the ERα antagonist on DES-induced inhibition of ES-D3 differentiation, because, at this concentration, fulvestrant did not interfere with the differentiation of the ES-D3 cells, while 150 nM is considerably higher than the IC50 for binding of fulvestrant to the ERα of 0.8-0.9 nM as reported in the literature (Wakeling et al. 1991; Weir et al. 2016) . Figure 3b reveals that DES-induced inhibition of ES-D3 cell differentiation is counteracted by the ERα-antagonist fulvestrant at 150 nM.
Development of a PBK model for DES in rats
The developed PBK model code is presented in Supplementary material 1. The values for physiological and anatomical parameters were taken from literature (Brown et al. 1997) , and are presented in Table 1 . The apparent permeability coefficient (P app ) value was estimated using the QSAR approach of Hou et al. (Hou et al. 2004 ). The calculated P app, in vitro value is 18.8 × 10 −6 cm/s for DES. This value was used to estimate the in vivo Papp value, which was used to describe the uptake of DES from the intestines to the liver from the seven sub-compartments of the intestines.
The hepatic clearance was considered the driving clearance process determining the body clearance of DES. The in vitro hepatic CL int value of DES was determined by incubating the parent compound with co-factors of phase I and phase II metabolism together with male or female rat liver S9 in one mixture. The depletion curves are presented in supplementary material 2 and the hepatic CL int values were listed in Table 1 .
PBK model evaluation
To evaluate the model predictions, the predicted time-dependent blood concentrations of DES were compared with available in vivo kinetic data reported in the literature. Figure 4 presents the time-dependent blood concentration of DES obtained from the in vivo studies (symbols) and the predicted time-dependent blood concentration curves (lines) upon intravenous (IV) (Fig. 4a) or oral (Fig. 4b) administration. The difference of maximum blood concentration (C max ) upon oral administration between the prediction and the in vivo kinetics data was 2.3-fold. This comparison reveals that the developed PBK model can predict the blood concentration of DES upon IV and oral exposure quite well.
For further evaluation of the model, a sensitivity analysis was performed. This sensitivity analysis was performed for the prediction of the C max upon oral exposure to a single oral dose of 4 mg/kg bw DES, which was used in the in vivo kinetic data of Ako (Ako 2011) . The normalized sensitivity coefficients (SC) with an absolute value higher than 0.1 are displayed in Fig. 5 . The results indicate that, among all the influential parameters, the prediction of the C max of DES in the PBK model is most sensitive to the fraction of liver tissue (VLc), the fraction of blood flow to the liver (QLc), parameters of intestines, the estimated in vivo P app value, and the hepatic clearance (CLintS9).
Translation of the in vitro concentration-response data into quantitatively predicted in vivo doseresponse data
The f ub of DES in ES-D3 culture medium was 0.90 ± 0.09 and it was 0.65 ± 0.06 in rat serum. These values were used to correct for the differences in fraction unbound between in vivo and in vitro. The in vitro concentration-response curves from the ES-D3 differentiation assay were translated into in vivo dose-response curves using PBK modelling-based reverse dosimetry approach. Data from two in vivo developmental Predicted (straight line) and reported dose-response data for developmental toxicity of DES in rats reported in literature (squares and triangles with dashed lines) (Cornwall et al. 1984; Wardell et al. 1982) , respectively. Predicted dose-response data were obtained using PBK modelling-facilitated reverse dosimetry approach based on data obtained from the ES-D3 cell differentiation assay toxicity studies of DES reported in the literature were used to evaluate the predictions and are presented in Table 3 .1 and 3.2 in the Supplementary material 3. The predicted dose-response curve (Fig. 6 , straight line) was compared with the in vivo dose-response curves derived from in vivo developmental toxicity studies reported in literature (Fig. 6 , dashed lines). It can be concluded that the prediction based on in vitro ES-D3 differentiation assay data underestimates the in vivo developmental toxicity of DES by 3-4 orders of magnitude.
Evaluation of the prediction of dose-dependent developmental toxicity of DES
In the next step, a BMD analysis using the PROAST software was performed on the predicted dose-response data and on the in vivo toxicity data, resulting in the BMD values presented in Fig. 7 . The BMR was defined as a 10% change compared to control, and the BMD 10 , BMDL 10 , and BMDU 10 values were obtained. The BMD range between BMDL 10 and BMDU 10 is represented as a box and the BMD 10 value is shown as the vertical line in the box (Fig. 7) . The predicted BMD 10 value of DES is 372-700-fold higher than the BMD 10 values derived from the in vivo studies, while the BMDL 10 is 202-442 and BMDU 10 707-1107-fold higher than the BMDL 10 and BMDU 10 values derived from the in vivo studies. These results indicate that the developed PBK modelling-based reverse dosimetry approach of the in vitro ES-D3 differentiation assay underpredicts the developmental toxicity of DES in rats by up to about 3-4 orders of magnitude. The detailed results of the BMD analyses can be found in the Supplementary material 3 in Table 3 .3, 3.4, and 3.6.
Comparison of different compounds inducing inhibition of embryonic stem cell differentiation and developmental toxicity in experimental animals
To obtain further insight in possible reasons underlying the inability to quantitatively predict the in vivo developmental toxicity of DES based on data from the EST and PBK modelling-based reverse dosimetry approach, the BMC 50 values obtained in the EST for different classes of developmental toxins were compared with their in vivo BMD 10 values (Fig. 8) . Such data were available for retinoids (ATRA: all-trans-retinoic acid, 13-cis-RA, and acitretin), antifungal compounds (tebuconazole, propiconazole, prothioconazole, ketoconazole, and fenarimol), phenols (p-methylketophenol and p-fluorophenol), and glycol ethers (EGME: ethylene glycol monomethyl ether, EGEE: ethylene glycol monoethyl ether, EGBE: ethylene glycol monobutyl ether, and EGPE: ethylene glycol monophenyl ether (de Jong et al. 2009; Li et al. 2017; Louisse et al. 2010; Strikwold et al. 2017) . Figure 8 also includes the data for DES, showing that DES is out of line with the other developmental toxins. Based on the data shown in Fig. 8a , the BMC 50 in the EST for the developmental toxins, excluding DES, correlated (R 2 = 0.62) with the BMD 10 derived from the in vivo developmental toxicity data for these compounds. Plotting DES in this figure illustrates that the EST underestimates the developmental toxicity of DES, providing a BMC 50 that is about 10 4 -fold higher than what would be predicted based on the obtained correlation. Taking into account the kinetics of these compounds, Fig. 7b presents the correlation between the in vivo BMD 10 and predicted BMD 10 for p-methylketophenol, p-heptyloxyphenol, p-flurophenol, EGPE, EGBE, EGEE, EGME, ATRA, and DES. When taking kinetics into account, the correlation improves (R 2 = 0.69, excluding DES). With this new correlation DES is still three orders of magnitude out of line. Based on the fact that the developed PBK model predicted the kinetics of DES quite well (Fig. 4) , and the fact that DES is three orders of magnitude off line as compared to other model compounds when taking kinetics into account (Fig. 8b) , it is concluded that the inability to predict the in vivo developmental toxicity by the PBK modellingbased reverse dosimetry of the in vitro data from the ES-D3 cell differentiation assay is likely to be due to the inability of this assay to accurately detect the developmental toxicity of DES in vivo in a quantitative way. Fig . 7 Comparison of the BMD 10 values (including BMDL 10 and BMDU 10 values) derived from the predicted dose-response curve and from in vivo dose-response data for developmental toxicity of DES in rats. Predicted dose-response data were obtained by PBK modelling-based reverse dosimetry approach based on in vitro data from the ES-D3 cell differentiation assay and in vivo data were obtained from developmental toxicity assay studies reported in the literature (Cornwall et al. 1984; Wardell et al. 1982) . BMD analysis was performed using the BMR as a 10% response change as compared to the control using PROAST. The results are presented as a box representing the range between the BMDL 10 and BMDU 10 values, giving the BMD 10 values as a vertical line in the box
Discussion
The aim of the present study was to develop an in vitro and in silico-based PBK model for DES and assess whether the in vivo developmental toxicity of DES can be quantitatively predicted by PBK modelling-facilitated reverse dosimetry of in vitro toxicity data obtained in the ES-D3 cell differentiation assay. Furthermore, it was investigated whether the ES-D3 differentiation assay for developmental toxicity reflects the role of ERα in the mode of action underlying DES-induced adverse effects on development. To this end, the effect of DES in the ES-D3 cell differentiation assay in the presence or absence of the ERα antagonist fulvestrant was characterised, a PBK model for DES was developed and evaluated, and results obtained for the developmental toxicity of DES in vitro were translated to in vivo dose-response curves using PBK modelling-facilitated reverse dosimetry. The previous studies demonstrated that PBK modellingfacilitated reverse dosimetry of data obtained in the ES-D3 cell differentiation assay of the EST could adequately predict developmental toxicity for glycol ethers, retinoic acid, a series of phenols, and tebuconazole (Li et al. 2017; Louisse Fig. 8 Comparison between in vivo BMD 10 values for developmental toxicity for a BMC 50 values in the ES-D3 cell differentiation assay and b predicted BMD 10 values for DES and other developmental toxins for which ES-D3 cell differentiation assay data are available, including retinoids (ATRA: alltrans-retinoic acid, 13-cis-RA and Acitretin) (Louisse et al. 2011) , antifungal compounds (tebuconazole, propiconazole, prothioconazole, ketoconazole, and fenarimol) (Li et al. 2015) , phenols (p-methylketophenol and p-fluorophenol) (Strikwold et al. 2017) , and glycol ethers (EGEE: ethylene glycol monoethyl ether, EGME: ethylene glycol monomethyl ether, EGBE: ethylene glycol monobutyl ether, and EGPE: ethylene glycol monophenyl ether) (de Jong et al. 2009 ). Compounds with the black triangle symbols are the compounds that previously gave good predictions with the PBK modelling-facilitated reverse dosimetry (Li et al. 2017; Louisse et al. 2010 Louisse et al. , 2015 Strikwold et al. 2017 al. , Strikwold et al. 2017 . The results of the present study reveal that the approach cannot quantitatively predict the reported in vivo developmental toxicity of DES, since predicted dose-response curves appeared to occur at dose levels that were about three-to-four orders of magnitude higher than what is actually observed in vivo (Cornwall et al. 1984; Wardell et al. 1982) . Comparison of the results for DES to those previously obtained for other developmental toxins reveals that DES deviates from the other toxins, in that the in vitro ES-D3 cell differentiation assay seems to be relatively less sensitive than what would be expected based on its in vivo developmental toxicity (Fig. 8a) . In addition, when kinetics are taken into account, the predicted data for DES are three orders of magnitude out of line with what was observed for other developmental toxins (Fig. 8b) . This deviation for DES might be due to the fact that the ES-D3 cell differentiation assay does not capture the full sensitivity of the developing organism underlying the developmental toxicity of DES in vivo. For DES, the ES-D3 differentiation assay appeared to capture some aspects of its developmental toxicity, since DES inhibited ES-D3 cell differentiation at non-cytotoxic concentrations, and there was a role for ERα in the underlying mode of action. The latter was shown by the fact that the ERα antagonist fulvestrant counteracted the in vitro developmental toxicity of DES in the ES-D3 cell differentiation assay. In spite of this, the ES-D3 cell differentiation assay did not provide a basis for an adequate PBK model-facilitated reverse dosimetry-based prediction of the in vivo developmental toxicity in a quantitative way. This may due to the fact that the ES-D3 cell differentiation assay captures only early stages of development, while the major adverse effects induced by DES may occur apparent only later during development, and/or that developmental stages affected by DES are not involved in the processes reflected in the ES-D3 cell differentiation of the EST. The inadequacy of the PBK model-facilitated reverse dosimetry approach to correctly predict the in vivo developmental toxicity of DES is likely due to the inability of the ES-D3 cell differentiation assay to display full sensitivity for DESinduced developmental toxicity. The PBK model adequately predicted reported in vivo DES blood concentrations upon dosing 0.0005, 0.005, and 0.05 mg/kg bw DES intravenously (Thompson and Klaassen 1985) and 4 mg/kg bw upon oral dosing (Ako 2011) . The fact that DES deviates from the comparison of the EST BMC 50 to the in vivo BMD 10 for developmental toxicity (Fig. 8a ) also when taking kinetics into account (Fig. 8b ) corroborates this conclusion. As concluded above, this is most likely due to the inability of the ES-D3 cell differentiation assay to fully reflect the in vivo developmental toxicity of DES. A possible explanation for this might be that, the ES-D3 cell differentiation assay lacks the complex biological system and the metabolic capacity of intact organisms (Spielmann et al. 2006 ).
In addition, it is suitable only for the early developmental stages (Pera and Trounson 2004) .
The results of the present study show that the ES-D3 differentiation assay was able to represent the role of ERα in the developmental toxicity of DES. Activation and disruption of the ERα pathway might contribute to disruption of embryonic development (Bondesson et al. 2015; Greco et al. 1993) , and it has been reported that ERα is essential for DES-induced effects, including phenotypic changes in the reproductive tract (malformed reproductive tract) and alterations of the expression of genes that are involved in regulation of the embryonic development as measured in neonates that have been exposed prenatally and neonatally (Block et al. 2000; Couse et al. 2001; Couse and Korach 2004; Ma et al. 1998; Miller et al. 1998) . However, other mechanisms may be involved, as well. Literature indicates that epigenetic changes could be one of the main modes of action of DES-induced adverse effects, which can be passed on to the next generations. It has been reported that the sons and daughters of women who were exposed in utero to DES also showed increased numbers of birth defects, showing transgenerational effects that may be epigenetically regulated (Titus-Ernstoff et al. 2010) . Furthermore, the role of epigenetics in developmental toxicity of DES follows for example from the fact that it has been reported that female mice exposed to DES in utero had aberrant methylation in the promotor and intron of the hoxa10 gene, a gene of which an adequate expression is critical during embryonic development (Bromer et al. 2009 ). Possibly, adverse developmental effects which are mediated via epigenetic changes cannot be adequately captured by the ES-D3 cell differentiation assay. Moreover, there are other potential mechanisms of action proposed for teratogenic chemicals (Wani et al. 2017) ; for example, formation of reactive oxygen species (Parman et al. 1999) , which may be captured by the ES-D3 cell differentiation assay, and inhibition of angiogenesis (D'Amato et al. 1994) , which is not captured by the ES-D3 cell differentiation assay. Yamashita et al. 2013 reported that DES induces downregulation of the angiogenesis factors VEGFA (vascular endothelial growth factor) and ANGPT1 (angiopoitin 1) in neonates that have been exposed in utero (Yamashita et al. 2013 ). This may be another important mechanism underlying DES-induced developmental toxicity, which is not captured by the ES-D3 cell differentiation assay.
The fact that other than only ERα-mediated pathways contribute to DES-induced developmental toxicity is supported also by the fact that the endogenous estrogen 17β-estradiol (E2), also able to activate ERα, is not reported to be a developmental toxin in vivo and did not induce developmental toxicity in the ES-D3 cell differentiation assay (only effects were observed at cytotoxic concentrations; data presented in the Supplementary materials 4 Fig. 4.1 . Further studies will be necessary to define the mode(s) of action underlying the developmental toxicity of DES and to what extent these modes of action are detected in the ES-D3 differentiation assay of the EST. With this knowledge, in vitro endpoints and readout parameters may be selected that cover these modes of action, to include these endpoints in a test battery for in vitro developmental toxicity testing, to also cover chemicals with a mode of action similar to that of DES.
Altogether, it is concluded that although it was shown that the EST assay detects the in vitro developmental toxicity of DES and an adequate PBK model for description of DES kinetics was developed, combining these in vitro and in silico approaches could not predict the in vivo developmental toxicity of DES in a quantitative way. The inability of the EST to fully reflect DES-mediated developmental toxicity hampers adequate translation from the in vitro to the in vivo situation, probably due to the fact that the ES-D3 cell differentiation assay does not reflect the full mode of action underlying DES-induced developmental toxicity.
